AS1411 is a first-in-class anticancer agent, currently in Phase II clinical trials. It is a quadruplex-forming oligodeoxynucleotide that binds to nucleolin as an aptamer, but its mechanism of action is not completely understood. Mechanistic insights could lead to clinically useful markers for AS1411 response and to novel targeted therapies. Previously, we proposed a model where cell surface nucleolin serves as the receptor for AS1411, leading to selective uptake in cancer cells. Here, we compare uptake of fluorophore-labeled AS1411 (FL-AS1411) in DU145 prostate cancer cells (sensitive to AS1411) and Hs27 non-malignant skin fibroblasts (resistant to AS1411). Uptake of FL-AS1411 occurred by endocytosis in both cell types and was much more efficient than an inactive, non-quadruplex oligonucleotide. Unexpectedly, uptake of FL-AS1411 was lower in cancer cells compared to Hs27 cells. However, the mechanism of uptake was different, occurring by macropinocytosis in cancer cells, but by a nonmacropinocytic pathway in Hs27 cells. Additionally, treatment of various cancer cells with AS1411 caused hyperstimulation of macropinocytosis, provoking an increase in its own uptake, whereas no stimulation was observed for non-malignant cells. Nucleolin was not required for initial FL-AS1411 uptake in DU145 cells, but was necessary for induced macropinocytosis and FL-AS1411 uptake at later times. Our results are inconsistent with the previous mechanistic model, but confirm that nucleolin plays a role in mediating AS1411 effects. The data suggest a new model for AS1411 action, as well as a new role for nucleolin in stimulating macropinocytosis, a process with potential applications in drug delivery.
INTRODUCTION
AS1411 is a 26-base guanine-rich oligonucleotide (GRO) with an unmodified (phosphodiester) DNA backbone. This molecule and its related analogs can inhibit proliferation and induce cell death in many types of cancer cells, but have little effect on normal cells (1) (2) (3) (4) .
Biological effects of this class of molecules in cancer cells include cell cycle arrest, inhibition of NF-κB signaling, induction of tumor suppressor gene expression, and reduction of bcl-2 expression (3) (4) (5) (6) . A Phase I clinical trial of AS1411 (formerly known as AGRO100) in patients with metastatic cancer has indicated no serious adverse effects with promising clinical activity, and AS1411 is now being tested in Phase II trials (2) .
Our previous work has revealed that antiproliferative G-rich oligonucleotides (GROs) such as AS1411 can form stable G-quadruplex structures, which imparts an unusual resistance to cellular and serum nucleases. We have also demonstrated that GROs bind directly and selectively to nucleolin, and that the growth inhibitory activity of GROs is positively correlated with their ability to bind this protein (1, 7, 8) . In addition, several biological effects of AS1411 have been shown to result from its ability to alter the subcellular localization of certain nucleolincontaining complexes, or to interfere with the molecular interactions of nucleolin (3, 5, 6) . Therefore, we have concluded that AS1411 acts as an aptamer to nucleolin.
Despite its molecular target having been identified, the mechanism of action for AS1411 and the reasons for its marked tumor selectivity have not yet been fully elucidated. Nucleolin is a multifunctional protein present in the nucleolus and nucleus of most cells, as well as in the cytoplasm and on the surface for some cells, including cancer cells and angiogenic endothelial cells (2, 9, 10) . This protein has been reported to control a wide range of fundamental cellular processes (11) , as well as having important roles in malignant transformation and cancer progression (12) . Based on the knowledge that cell surface nucleolin mediates the endocytosis of a wide range of ligands, we had originally speculated that nucleolin could act as a receptor for Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research was documented with an LSM 510 inverted confocal laser-scanning microscope (Carl Zeiss, Oberkochen, Germany) equipped with an Omnichrome argon-krypton laser. Images were obtained with a Zeiss Plan-Apo 63X oil immersion objective (1.4 NA) .
Biotinylation and purification of cell-surface proteins
Cells were washed three times with ice-cold PBS and a freshly prepared solution of a cellimpermeable biotinylating agent (sulfo-NHS-biotin, Pierce, Rockford, IL) was added (0.5 mg/ml in PBS). After 30 min incubation at 4°C, cells were washed once with ice-cold TBS (50 mM Tris-HCl, 150 mM NaCl, pH 7.5), incubated with ice-cold complete medium for 10 min at 4 °C, and then washed twice with TBS. Biotinylated proteins were precipitated by incubating with high capacity Neutravidin agarose (Pierce) for 2 h at 4 °C with gentle agitation, and then washed with ice-cold lysis buffer.
RNA interference
Nucleolin siRNA duplexes corresponding to the sequences: 5'-GGUCGUCAUACCUCAGAAGtt (NCL1); 5'-GGCAAAGCAUUGGUAGCAAtt (NCL2); and 5'-CGGUGAAAUUGAUGGAAAUtt (NCL3), were chemically synthesized and annealed by Ambion Inc. (Austin, TX). BLAST analysis showed no homology of the siRNA sequences to any other sequence in the Human Genome Database. The siRNAs were transfected using Lipofectamine 2000 (Invitrogen), according to the manufacturer's directions. The scrambled siRNA used as a negative control was from Ambion.
Immunoblotting
Samples were resolved by 10% SDS-Tris polyacrylamide gel electrophoresis and then electrotransferred onto polyvinylidine fluoride membranes (Millipore, Bedford, MA) in Tris-Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. Copyright © 2010 American Association for Cancer Research glycine buffer containing 20% methanol. Proteins were detected by immunoblotting as described (14) . In some cases, membranes were stripped of bound antibodies using 62.5 mM Tris-HCl, pH 6.7, 100 mM 2-mercaptoethanol, 2% SDS for 30 min at 60°C and then reprobed as described in figure legends.
Densitometry and statistical analysis.
Densitometry was used to measure band intensities by scanning autoradiographic films and using UN-SCAN-IT gel software (Silk Scientific Corporation). Band intensities were normalized as indicated in the figure legends. The statistical comparisons between AS1411treated and control groups were performed using Student's t test.
RESULTS

Uptake of FL-AS1411 occurs through an active uptake process.
To first identify suitable conditions for our study, we analyzed the timing and serumdependence of uptake in DU145 prostate cancer cells, which are sensitive to AS1411. Using flow cytometry with gating to exclude non-viable cells, we compared uptake of FL-AS1411, a fluorescently labeled version of the active aptamer, with that of FL-CRO, a fluorescently labeled control oligonucleotide with no antiproliferative activity. It has not been possible to identify a scrambled or point-mutated analog of AS1411 that lacks activity because of the very high proportion of guanines in the sequence. Therefore, a sequence where the guanines are substitututed with cytosines (FL-CRO) is used simply as a control phosphodiester oligdeoxyonucleotide of the same length. We first confirmed that the fluorophore signal was from internalized, rather than surface-bound, material by showing that cell-associated fluorescence was not influenced by washing the cells with dextran sulfate to remove the Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. Copyright © 2010 American Association for Cancer Research extracellular oligonucleotide or by adding trypan blue to quench external fluorescent signals prior to flow cytometry, (Supplementary Figure S2A ).
FL-AS1411 uptake was detected as early as 5 min, with maximum signal between 2 h and 4 h under these conditions ( Figure 1A ). FL-CRO uptake was consistently much lower than FL-AS1411 and followed different kinetics. These data are in accord with our recent finding that G-rich phosphodiester sequences, such as AS1411, are taken up more efficiently than other non-G-rich sequences (15) . As shown in Figure 1B , uptake of FL-AS1411 was independent of the presence of serum in the medium.
To determine whether AS1411 uptake occurs through an active uptake process, we evaluated the temperature-dependence of AS1411 uptake in various cancer cell types and nonmalignant Hs27 skin fibroblasts. In all cell types examined, the uptake of FL-AS1411 and FL-CRO showed strong temperature dependence. However, in contrast to our original hypothesis, Hs27 cells appeared to have a higher uptake of AS1411 than any of the cancer cells analyzed ( Figure 1C ). The dose-response curve for FL-AS1411 uptake in DU145 cells (Supplementary Figure S2B ) suggested at least two components: uptake involving a high affinity, low capacity receptor, which was saturated at high nanomolar concentrations, and a non-saturable uptake that was predominant at micromolar concentrations (the curve presented an almost linear increase between 1.25 µM and 40 µM). Concentrations higher than 40 µM resulted in obvious cytotoxicity, even at this early time point. We believe that the non-saturable uptake component is most relevant for AS1411 activity, because this corresponds to concentrations at which the biological effects are observed in cultured cancer cells and to the serum concentrations in patients treated with AS1411.
FL-AS1411 uptake occurs through different endocytic mechanisms in cancer cells and in
non-malignant cells. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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To confirm that uptake of AS1411 occurs by endocytosis, we tested for involvement of the actin cytoskeleton, which has been implicated in regulating endocytic pathways. To this end, DU145 and Hs27 were pre-treated with an actin polymerization inhibitor, cytochalasin D, and assessed for FL-AS1411 uptake by flow cytometry. Cytocholasin D-treated cells showed a decrease in FL-AS1411 uptake compared with the untreated cells ( Figure 2A ), consistent with endocytic uptake. Recognized pathways of endocytosis include classical clathrin-mediated endocytosis, caveolae-mediated endocytosis, clathrin-and caveolae-independent endocytosis, and macropinocytosis (16) . The GTPase dynamin is required for clathrin-and caveolaemediated endocytosis and some clathrin and caveolae-independent pathways (16), so we next investigated the effect of dynasore, a potent inhibitor of dynamin function (17), on FL-AS1411 uptake in DU145 cancer cells and nonmalignant Hs27 cells ( Figure 2B ). Pre-treatment of Hs27 cells with dynasore decreased their uptake of AS1411 ( Figure 2B ). In contrast, pre-treatment of DU145 cells slightly increased their uptake of FL-AS1411. To rule out the possibility that DU145 cells were unresponsive to dynasore, we demonstrated that uptake of transferrin, a wellestablished ligand of clathrin-dependent endocytosis, was inhibited in DU145 cells pre-treated with dynasore, (Supplementary Figure S3A ). These results indicate that AS1411 may be taken up by a predominantly clathrin or caveolae-dependent route of entry in Hs27 cells, but not in DU145 cells.
Macropinocytosis is the predominant mechanism of uptake for AS1411 in cancer cells.
Recent work has showed that internalization of DNA can be mediated through macropinocytosis (18) (19) (20) , an actin-driven, ligand-independent mechanism in which cells "gulp" the surrounding medium and any macromolecules it contains. This endocytic mechanism has been shown to be sensitive to amiloride, a specific inhibitor of Na+/H exchange (21), so we tested the effect of amiloride on FL-AS1411 uptake. We found that amiloride pre-treatment Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research caused a reduction in FL-AS1411 uptake in DU145 cancer cells, but a slight increase in the non-malignant Hs27 cells ( Figure 2C ). There was little effect of amiloride treatment on uptake of FL-CRO in either DU145 or Hs27 cells (Supplementary Figure S3B ). Amiloride treatment also decreased AS1411 uptake in other cancer cells (MCF7 and MDA-MB-231, data not shown).
These data imply that macropinocytosis is responsible for the internalization of AS1411 in cancer cells.
To confirm these results without using chemical inhibitors, uptake was also examined by confocal microscopy. This showed that FL-AS1411 was localized in confined structures in the cytoplasm of both cancer and non-malignant cells ( Figure 3A ). As expected, uptake of FL-CRO was much lower than FL-AS1411 ( Figure 3B ). Interestingly, our studies showed that macropinocytosis (indicated by dextran uptake) is much more active in DU145 cancer cells than in the non-malignant Hs27 cells ( Figure 3 ). Moreover, internalized FL-AS1411 was strongly colocalized with the macropinocytic marker, dextran, in DU145 cells ( Figure 3A ), but not in Hs27 cells ( Figure 3A ).
Further experiments were performed to confirm the identity of the vesicles containing FL-AS1411 as macropinosomes, which can be distinguished from other endosomes by their comparative inability to concentrate receptors (22) . Therefore, we compared localization of transferrin, a ligand for the transferrin receptor, with that of dextran or FL-AS1411. We observed that transferrin and dextran were localized mainly in distinct non-overlapping vesicles in DU145
and Hs27 cells ( Figure 3C ) and there was very little overlap between transferrin and AS1411 in DU145 cells ( Figure 3D ). These combined data confirm that the endocytic process regulating the internalization of AS1411 in DU145 cancer cells is macropinocytosis.
It is also notable that no FL-AS1411 was observed in the nuclear region in these studies.
This was in contrast to our earlier (unpublished) studies using fluorescence microscopy, where we had observed some cells with intense nuclear fluorescence after 24 h or more treatment with Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research 10 µM FAM-labeled AS1411. This pattern was observed in cancer cell lines, but not in the nonresponsive Hs27 cells. We initially interpreted this result as preferential uptake in cancer cells, but later realized that the cells with strong nuclear staining were likely dying in response to AS1411 and were therefore permeable, whereas that the lack of intense nuclear staining in Hs27 cells reflected that they did not die in response to AS1411. The current confocal microscopy and flow cytometry studies (which are gated to exclude dead or dying cells that are propidium iodide positive due to loss of plasma membrane integrity) demonstrate that overall uptake is not cancer-specific and that AS1411 has a non-nuclear localization in viable cells.
AS1411 stimulates macropinocytosis in cancer cells
Several molecules that are internalized by macropinocytosis, including some cell penetrating peptides and viruses, are known to stimulate macropinocytosis and thereby enhance their own uptake (23) (24) (25) . Moreover, several research groups have recently demonstrated that hyperstimulation of macropinocytosis can cause a novel form of cell death, characterized by vacuolization, irregular nuclei, and swollen cells (26) (27) (28) (29) , and AS1411 causes changes in cancer cell morphology with exactly these features (4) . Therefore, we investigated whether AS1411 could stimulate macropinocytosis in DU145 cells or non-malignant Hs27 cells.
Flow cytometry experiments indicated a significant increase in the uptake of the macropinocytic marker, dextran, in DU145 cells treated with tAS1411 (which is FL-AS1411 without the fluorescent label) for 24, 48, or 72 h, whereas there was no increase in the Hs27 cells ( Figure   4A ). As in all our flow cytometry experiments, cells were gated to exclude permeable cells, discounting the possibility that this increase was due to cell death. No changes in dextran uptake were observed in DU145 cells treated with the control oligonucleotide, tCRO, ( Figure 4A) or with AS1411 for shorter times (1h, 2h, and 4h, data not shown). The tAS1411 was also able to induce hyperstimulation of macropinocytosis in other cancer cells lines (MCF-7 and MDA-MB- Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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suggesting that these novel observations may represent a general difference between the response of cancer cells and normal cells, although further studies are needed to verify this idea. Confocal microscopy confirmed that DU145 cells treated with tAS1411 presented a higher dextran uptake compared to untreated or CRO-treated cells ( Figure 4C ). Additional experiments (Supplementary Figure S4 ) confirmed that the 26-mer version of AS1411 was able to induce the same response as tAS1411 (which has three additional nucleotides for reasons described in the Methods section).
This result also implies that AS1411 might actually promote its own internalization by cancer cells. To test this idea, we pre-treated DU145 cells for 24 h with or without tAS1411, then added FL-AS1411 and evaluated uptake after an additional 2 h using flow cytometry. As predicted, DU145 cells pre-treated with tAS1411, but not those that received control pretreatment, showed an increase in the uptake of FL-AS1411 in DU145 cells, whereas there was no comparable increase in AS1411-treated Hs27 cells ( Figure 4D ). All of these results indicate that initial AS1411 uptake leads to the stimulation of macropinocytosis, inducing an increase of its own uptake. This idea is not necessarily inconsistent with the time course data ( Figure 1A Having demonstrated that AS1411-induced macropinocytosis could lead to enhanced uptake of a nucleic acid (AS1411) and a polysaccharide (dextran), we also evaluated uptake of a protein, namely, fluorescently labeled transferrin. We observed that pre-treatment with AS1411 led to increased uptake of transferrin in DU145 cells (Supplementary Figure S5 ).
Although uptake of transferrin in untreated cells occurs by dynamin-dependent receptormediated endocytosis ( Supplementary Figures S3 and S5) , the additional uptake induced by Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Initial uptake of AS1411 is independent of nucleolin
We have shown that nucleolin is the primary molecular target of AS1411 and had previously hypothesized that surface nucleolin may serve as a receptor for AS1411 (2, 13) .
However, the new data are not consistent with that hypothesis because they indicate that uptake occurs, not by classical receptor-mediated endocytosis, but by macropinocytosis.
Therefore, we were curious to learn whether nucleolin played a role in AS1411 uptake. We first assessed the effect of an anti-nucleolin mAb (D3, which we confirmed could bind to surface nucleolin) on uptake of FL-AS1411 in DU145 cells after 2 h incubation and found no effect (Supplementary Figure S6 ). Next, we carried out similar experiments using siRNAs to knockdown expression of nucleolin. Immunoblot analyses confirmed that expression of total nucleolin could be reduced by more than 80% in cells transfected with nucleolin siRNAs compared with control-transfected cells ( Figure 5A ). We also showed that these siRNAs could effectively knockdown the cell surface form of nucleolin ( Figure 5B ), using techniques described in the Methods section. We next used the transfected DU145 cells to assess the uptake of FL-AS1411 after 2 h by flow cytometry analysis and found that knockdown of nucleolin had no effect on FL-AS1411 uptake under these conditions ( Figure 5C ).
Nucleolin regulates AS1411-induced stimulation of macropinocytosis.
Our results (Figure 4 ) suggest that induction of macropinocytosis may be an important component of AS1411 activity. Therefore, we also determined whether nucleolin knockdown affects the tAS1411-mediated stimulation of macropinocystosis in DU145 cells. As shown in Figure 6A , inhibition of nucleolin expression by specific siRNAs had only a marginal effect on Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research the baseline macropinocytosis, but caused a significant decrease in AS1411-induced macropinocytosis, almost completely blocking this process. Accordingly, the tAS1411-induced uptake of FL-AS1411 was also completely blocked in DU145 cells transfected with nucleolin siRNAs ( Figure 6B ). These results indicate that, whereas nucleolin does not appear to play a role in the initial macropinocytic uptake of AS1411, it is essential for the AS1411-induced stimulation of macropinocytosis. Consequently, nucleolin is also essential for the induced uptake of AS1411 that occurs at later time points.
DISCUSSION
AS1411 is a first-in-class experimental drug that has already been tested in early clinical trials with promising results. The primary goal of our current research is to gain a better understanding about the mechanism of AS1411 activity, which we believe is important for several reasons. Knowledge of the factors that determine response to AS1411 might ultimately be translated into clinical tests that could identify patients with the best chance of benefiting from treatment with AS1411. Given the difficulties of achieving clinically relevant dosing of AS1411 in animal models (i.e., a 7-day continuous intravenous infusion), understanding how AS1411 works in cultured cancer cells will likely be the most expeditious route to identify candidate biomarkers, which can be then be evaluated retrospectively or prospectively in human clinical trials of AS1411. In addition, comprehending how AS1411 is able to preferentially affect cancer cells compared to non-malignant cells may lead to new insights into cancer biology. In particular, AS1411 has turned out to be a valuable tool to probe the functions of nucleolin, a protein that is increasingly being recognized as an important target in cancer therapy. Already, our investigations of AS1411 have revealed previously unrecognized functions for nucleolin in NF-κB signaling (3) and PRMT5 localization (6) , and have now led to the discovery of another novel role in stimulating macropinocytosis. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Previously, we identified nucleolin as the target of AS1411 and subsequently predicted that it would act as a receptor for AS1411 (2, 13) . This hypothesis was attractive because it provided a possible explanation for the tumor-selectivity of AS1411 based on the reasoning that nucleolin expression is higher in cancer cells compared to normal cells, and therefore, we expected there would be selective uptake of AS1411 in cancer cells. However, the new data presented here show that these hypotheses were incorrect. We found that initial uptake of AS1411 is not higher in cancer cells compared to Hs27 non-malignant skin fibroblasts that are not responsive to AS1411. Instead, it appears that initial uptake of AS1411 in cancer cells occurs via macropinocytosis, whereas uptake of AS1411 occurs by other mechanisms in Hs27 cells. These intriguing results suggest it may be the mechanism of uptake, as opposed to the level of uptake, that is key to determining whether a cell is sensitive to AS1411 activity.
Therefore, we now advocate a new model to explain the cancer-selectivity of AS1411, which involves uptake by macropinocytosis in cancer cells (Figure 7) . processing (22, 25, 30) . Therefore, the response of cells that take up AS1411 by macropinocytosis could be related to the ability of AS1411 to escape from macropinosomes in these cells, whereas uptake by non-macropinocytic pathways is expected to lead to endosomal trapping and/or lysosomal degradation. Alternatively (or in addition), it is possible that the selective effects of AS1411 on cancer cells occurs because treatment of these cells leads to Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research hyperstimulation of macropinocytosis, which has been recently described as a novel form of cell death (27) (28) (29) . Final proof of these ideas must await the development of new approaches for long-term inhibition of macropinocytosis because the current inhibitors are toxic when applied to cells for more than a few hours. However, there is precedent for the idea that drug activity can depend on the mechanism of uptake, rather than uptake efficiency, including a recent example showing that biological activity of an antisense oligonucleotide was dependent upon the route of endocytic internalization (31).
Direct confirmation of the role of nucleolin in mediating the antiproliferative effects of AS1411 is similarly challenging because long-term inhibition of nucleolin is also cytotoxic, but our new data clearly point to an essential function for nucleolin in AS1411's ability of to stimulate macropinocytosis in cancer cells. The precise mechanism by which nucleolin regulates AS1411induced macropinocytosis in cancer cells remains unknown. Macropinocytosis stimulation was not an early cellular response to AS1411, but was typically observed after 24 to 48 h of treatment, suggesting that it might require changes in protein expression. Thus, it may be relevant that nucleolin can regulate gene expression by various transcriptional and posttranscriptional mechanisms (5, 12, (32) (33) (34) (35) . Our confocal images showed that AS1411 was never localized in the nuclear region of cells (except dead cells) even after treatment for more two days (data not shown). Presumably then, the effects of AS1411 are on extranuclear nucleolin functions, such as shuttling, signal transduction, or modulating mRNA stability, which could also affect protein expression. This idea is entirely consistent with our previously proposed hypothesis that the effects of AS1411 stem from it binding to a subset of nucleolin complexes and thereby interfering with certain functions of nucleolin (2, 13) . Interestingly, nucleolin has been implicated in the uptake of plasmids and DNA nanoparticles in previous independent studies (20, 36) , although the relevance of these to AS1411 is unknown at present. Another recent publication has reported nucleolin as a receptor for AS1411 (37) . These authors reported Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research that binding of AS1411 to the surface of MV-4-11 leukemia cells was inhibited by pre-incubation with a nucleolin antibody (MS3), and that uptake (measured at 2 -6 h) was reduced in MCF-7 cells that were stably transfected with nucleolin shRNA (37) . These results appear to be at variance with our findings in DU145 cells, where neither an antibody that binds surface nucleolin (D3) nor nucleolin siRNA had any inhibitory effect on AS1411 uptake at 2 h ( Figure 5 and Supplementary Figure S5 ).
Further research to explore the mechanism and applications of AS1411-induced macropinocytosis appears to be worthwhile. Macropinocytosis has been most widely explored in immune cells, such as macrophages and dendritic cells, where it serves to "sample" the extracellular fluid for the presence of pathogens, but is also induced by oncogenes and growth factor signaling (16, 28, 29, 38, 39) , so it is perhaps unsurprising that it occurs in cancer cells.
Moreover, macropinocytosis is emerging as a key mechanism for intracellular delivery of various physiological, pathological, and therapeutic cargoes. This process has been reported as an entry portal for a range of macromolecules, including numerous cell penetrating peptides (23, 40) , intact proteins (41-43), bacterial virulence factors (44) , gram-negative bacterial lipopolysaccharide (45) , naked DNA plasmid (18) (19) (20) , and many viruses (46) . Remarkably, the uptake and effects of AS1411 are somewhat reminiscent of some cell penetrating peptides (also called protein transduction domains) and viruses, which can be taken up by macropinocytosis and then cause stimulation of macropinocytosis (23) (24) (25) . Furthermore, there is substantial interest in the uptake mechanisms of oligonucleotides in general, largely because poor cellular delivery is a major hurdle in developing oligonucleotide-based therapeutics, including siRNAs (47) . Interestingly, one of the most successful methods for in vivo siRNA to date may involve macropinocytosis (30) . Thus, studying the uptake of AS1411-one of the few oligonucleotides that has activity in cultured cells without the need for transfection agents and which has progressed to clinical testing-may well lead to insights that will help create novel strategies for
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Copyright © 2010 American Association for Cancer Research A cartoon comparing the previous model for AS1411 uptake with a revised model that is consistent with the new results. Key features of the new model are that it is the mechanism of uptake (rather than the levels of uptake) that determine response to AS1411 and that uptake occurs by macropinocytosis in cancer cells. In the new model, nucleolin does not act as a classical cell surface receptor, but is essential for the stimulation of macropinocytosis by AS1411, which leads to further uptake of the aptamer. We hypothesize that, in cancer cells, uptake by macropinocytosis allows endosomal escape of AS1411 (because macropinosomes are relatively leaky), and/or that AS1411 induces cell death due to hyperstimulation of macropinocytosis. We propose that the lack of response in normal cells may be due to the different AS1411 uptake route leading to endosomal entrapment or lysosomal degradation, and/or the inability of AS1411 to stimulate macropinocytosis in these cells because they have lower levels of nucleolin. Further research is required to test these hypotheses. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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